9. Hailman, J.P. (1977 The classic paradigm for a regulatory module is the system that controls lactose utilization in Escherichia coli [1] . The genes for lactose uptake and metabolism are regulated by a transcription factor that binds lactose so that E. coli in the gut tend to turn on lactose metabolism when they sense the presence of lactose (for example, after the mammalian host drinks milk). The structures of the genes and proteins that constitute this molecular switch have been resolved at atomic resolution and their functional interactions have been exhaustively investigated. E. coli exhibit a preference for glucose over lactose. When they sense the availability of glucose, the lactose genes are repressed. This mechanism involves additional transcription factors that are controlled by a regulatory module that is specialized to sense and respond to glucose. In other words, there is crosstalk between the lactose and glucose regulatory modules.
E. coli has been a favorite model system for the investigation of regulatory mechanisms, and considerable information has been generated about a variety of different regulatory modules [2] . In addition to the systems that regulate lactose and glucose uptake and metabolism, several systems include modules that regulate motility (Fla), chemotaxis (Che), cell envelope permeability (Omp), aerobic catabolism (Arc), phosphorus utilization (Pho) and many other processes. Over 400 E. coli gene products have been categorized as 'regulatory' proteins. This compilation does not include a comparable number of membrane receptors that also serve dual roles in transport and regulation, as well as a growing number of small RNAs and nucleic acid binding factors. In total, more than a third of the E. coli genome encodes elements that function in some regulatory capacity. The question then becomes, how do over a thousand different signal transduction regulatory components interact in a coordinated fashion to produce a living cell?
The first generalization is that bacterial cellular regulatory networks are composed of modules that function to access distinct classes of sensory inputs and corresponding adaptive outputs [3] . Each module can generally be considered in terms of three subsystems with distinct receptor, transducer and effecter functions. In the lactose system, the receptor is a membrane protein, LacY, which binds lactose at the outside surface of the cell and releases it into the cytoplasm; the transducer is a cytoplasmic enzyme, LacZ, which both hydrolyses lactose to galactose and glucose and, in a side reaction, converts it into the principal intracellular inducer, allo-lactose; and the effecter is a transcription factor, LacI, which binds allo-lactose and allows RNA polymerase to express the genes that are required for lactose metabolism [1] .
The Lac system is relatively simple. A much more complex example is provided by the chemotaxis or Che system [4] . In this case there are five different receptors, each of which binds a different spectrum of stimulatory ligands at the outside surface of the cell. These receptors are transmembrane proteins that interact with a protein kinase, CheA, at the inside surface of the membrane. The kinase serves a transducer function, using information supplied by the receptor proteins to control the addition of phosphoryl groups to an effector protein, the chemotaxis response regulator, CheY. Phospho-CheY interacts with the flagellar motor to control motility. The Che system has several additional auxiliary components that modulate the activities of the receptors, CheA, and CheY. Thus, whereas the Lac system is composed of the products of only three genes, the Che system is composed of 11 different gene products. Most signal transduction systems in E. coli seem to fall within this general range. Given that there are over a thousand different regulatory genes, there are on the order of 100 different regulatory modules encoded in the E. coli genome.
Similarities in the molecular mechanisms that underlie different signal transduction pathways are reflected in sequence similarities between their component genes. Homologous variants of a few highly conserved families of signal transduction proteins are employed in a wide range of different signal transduction contexts [5] . The histidine protein kinase and response regulator superfamilies provide particularly well-documented examples [6, 7] . Most bacteria contain numerous members of these two families, which generally function in specific pair-wise combinations to couple metabolic energy to different information processing pathways [8] . E. coli, which is not atypical, employs about 30 different histidine protein kinase/response regulator pairs in signal transduction systems that modulate various processes such as: chemotaxis (CheA/CheY); cell-envelope permeability (EnvZ/OmpR); phosphorus uptake (PhoR/PhoB); and oxidative metabolism (ArcA/ArcB) [9] .
Signal transduction pathways that utilize histidine protein kinase/response regulator coupling mechanisms have become known as two-component systems, in contrast to pathways such as Lac, which have been termed one-component systems [10] . Although these designations have caught on in the microbial vernacular, they are misleading because there are invariably more than two components involved in any signal transduction pathway, whether or not a histidine protein kinase/response regulator mechanism is involved.
In so-called one-component systems like Lac, information is broadcast through the regulated production of widely accessible second messengers that interact with specific transcription factors [10] . The use of small molecule signals like allo-lactose or cAMP makes one-component signaling mechanisms particularly amenable to use in intercellular communication processes such as those involved in quorum sensing. In these cases it is not uncommon for a second messenger-like molecule produced by one cell to be sensed by a two-component system in another [11] .
Insofar as one-component systems are like satellite communication, two-component systems are more akin to cable. Information is passed between proteins by phosphotransfer reactions, so that the final signal is generally the activated (phosphorylated) transcription factor itself. Two-component phosphotransfer systems provide a mechanism for intracellular crosstalk. Whereas each transcription factor that mediates a one-component response must have a specific domain to detect the relevant second messenger; two-component transcription factors are activated by phosphorylation irrespective of which histidine protein kinase acts to catalyze the phosphotransfer reaction [12] .
Thus, depending on the phosphotransfer specificities of the relevant histidine protein kinases, different signal transduction pathways can converge to produce coordinated responses to multiple sensory inputs. The resulting integrated circuitry can be quite complex. The phosphotransfer chemistry between histidine protein kinases and response regulators is readily reversible, so phosphoryl groups can be passed from histidine protein kinase 1 to response regulator 1 to histidine protein kinase 2 to response regulator 2, and so on. There are numerous examples of this type of phosphorelay [8] , and most histidine protein kinases appear to have a limited ability to phosphorylate most response regulators [12] . Nevertheless, to a first approximation, each histidine protein kinase tends to act specifically to phosphorylate a specific cognate response regulator [9] .
In addition to catalyzing response regulator phosphorylation, most histidine protein kinases also mediate the hydrolysis of their cognate phospho-response regulators [8] . This phosphatase activity contributes greatly to the cognate specificities of histidine protein kinase/response regulator coupling. The phosphatase activities of cognate histidine protein kinases function as low pass filters by removing the background cross phosphorylation noise from non-cognate histidine protein kinases. This phosphatase effect explains why crosstalk to non-cognate response regulators, which is generally not observed in wild-type strains, often becomes evident in mutants where the cognate histidine protein kinase has been deleted [13] .
Recent results have identified a new class of 'connector' proteins which play an important role in the integration of two-component responses by binding to, and protecting, specific response regulators from the phosphatase activities of their cognate histidine protein kinase [14] . Expression of a connector protein can lead to a stronger and longer lasting response regulator activation than occurs with direct activation of the corresponding histidine protein kinase. Moreover, such a phospho-response regulator stabilizing mechanism would be expected to greatly enhance the significance of non-cognate histidine protein kinase-mediated cross phosphorylation.
The ultimate level of integration in bacterial regulatory networks occurs on DNA. Activation of one transcription factor generally leads to changes in the expression of numerous genes including other transcription factors. These changes feed back to modulate the signal transduction pathways that generated them in the first place [15, 16] . There are numerous instances where a pathway feeds back to positively regulate its own expression. This commonly occurs for both one-component systems, such as Lac, and two-component systems, such as the PhoB/PhoR system that is responsible for the induction of alkaline phosphatase in E. coli [17] . Such changes may enhance or diminish cross talk between parallel pathways. A noteworthy example [14] is provided by the induction of the connector protein, PmrD, through the activity of a two component system in Salmonella that plays a key role in virulence: PhoQ/PhoP. PmrD binds to the response regulator of a different system, PmrA/PmrB, which mediates resistance to the antibiotic, polymyxin B. Thus, as the complexity of bacterial information processing networks begins to be revealed, translational research on the control of bacterial virulence and antibiotic resistance is providing valuable insights for the treatment of infectious disease.
Research on bacterial signal transduction is shifting from a focus on individual genes and proteins in vitro to the study of whole systems in vivo. Each component is now regarded as a node, the essential character of which can only be fully appreciated in terms of its connections to other nodes. In this context, an individual E. coli cell is a network with about 10 8 nodes composed of the products of about 10 3 different genes. Analyses of the structure-function relationships involved in paradigmatic signaling pathways such as Lac, Che, or PhoQ/P have revealed crucial elements of molecular logic. The next task is to understand how these elements are connected to form a dynamic, adaptive cell. How is information converted into knowledge, and how is knowledge sorted, evaluated and combined to guide action, morphogenesis and growth?
